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ABSTRACT 


In this thesis both a microstrip transmission line and a 
coplanar waveguide on ferrite substrate were designed, con- 
structed and tested. The behavior of microstrip and coplanar 
waveguide was experimentally evaluated, using different biasing 
magnetic fields and directions. The experimental dispersion 
(w-8) and attenuation diagrams for both structures were com- 
pared with theoretical work based on perturbation theory. 

Also, the experimental results were compared with the existing 


work conducted by different authors. 
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I. INTRODUCTION 


The analysis of microstrip is of great importance, as this 
type of transmission line has found wide use due to its com- 
patibility with microwave integrated circuitry. The open 
microstrip transmission line has been predominant because it 
can be etched or deposited easilyon substrate. For the above 
reasons in recent years, a great deal of attention has been 
paid to the microstrip transmission lines and in particular to 
microstrip transmission and coplanar waveguide on ferrites. 
Since ferrite and garnets are magnetic insulators, the electro- 
magnetic field can penetrate these materials and most of the 
energy is confined in these materials with very little attenua-~ 
tron . 

The interaction between the electromagnetic field and the 
ferrite will render some interesting results, and can be de- 
scribed in terms of an effective permeability. The permeability 
is a tensor quantity. The presence of off-diagonal imaginary 
parts in this tensor and the fact that its elements exhibit a 
resonance when the applied frequency equals the precession fre- 
quency of the magnetization vector results ina nuniber of im- 
portant nonreciprocal effects which are studied in this thesis. 

In this thesis two types of transmission lines are studied. 
First, a microstrip transmission line on ferrite substrate was 
designed (See Fig. 1-1 and 1-3), constructed and tested. 
secondly, a coplanar waveguide on ferrite substrate was designed 


(See Figs. 1-2 and 1-3) and constructed and tested. There are 
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not yet any exact mathematical solutions to describe the be- 
havior of these two structures. Although perturbation theory 
was. used by A. M. Tufekcioglu [Ref. 1] and K. D. Kuchler [Ref. 
2] to indicate the attenuation and phase shift for these 
structures and their results were used to make comparison with 
the experimental results obtained in this thesis, the compari- 


son is far from satisfactory. 


Z0 





II. MICROSTRIP EXPERIMENTAL RESULTS 


A. RESONANT FREQUENCY DIAGRAM 

Experiments uSing microstrip on ferrite substrate were 
carried out to obtain the resonant frequency of microstrip 
as a function of the applied biasing magnetic field. The 
resonant frequency diagram of a transversely magnetized Trans 


Tech G1l001 garnet material (41M _ = 1200 gauss, ¢€, = 15.2) was 


i 
measured using a microstrip of an overall dimension of 1" x 1", 
having a width of strip W = 0.508, and thickness of substrate 
D= 0.635 mm. The microstrip was designed to give a nominal 
502 characteristic impedance for dielectric substrate taking 
into account Wheeler permittivity [Ref. 6]. It was coupled to 
the 502 input, and output lines of a Hewlett-Packard HP 8410S 
network analyzer using SMA launchers and 0.085 coax (solid 
gasket) and the transmission resonance frequencies were mea- 
sured as a function of the applied biasing magnetic field, 
directed normal to the substrate (Y direction; see Fig. 1-1). 
The applied biasing magnetic field was measured by a guass- 
meter. The results are tabulated in Table 2. Figure 2-1 

shows the experimental resonance frequency of the microstrip 

as a function of the applied magnetizing field. Also shown is 


the ferromagnetic resonance frequency 


f£.= y (HL - N, 4nM)) (1) 


where 


f. = resonance frequency in MHz. 
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Figure 2-1. Resonance Frequency vs. Transverse Applied Biasing 
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Y = gyromagnetic rotation in MHz/oersted. 
He = applied biasing magnetic field in oersted. 
47M _ = saturation magnetization in gauss. 
N. = demagnetizing factor, which is equal to l in 


this case. 

The applied magnetic field was raised from 1400.0 to 
4860.0 oersteds, while the frequency of the sweep oscillator 
of the network analyzer was swept from 1 to 12.4 GHz in steps 
Semel to 2, 2 to 4, 4 to 8 and 8 to 12.4 GHz. The resonant 
frequency of the microstrip was read from the amplitude fre- 
quency display of the network analyzer. 

The amplitude frequency response of the microstrip was that 
of a band rejection filter and the corresponding frequency for 
maximum transmission attenuation was taken as the resonance 
frequency, as a function of applied biasing magnetic field. 

With regard to Fig. 2-1, an interesting feature of the 
resonance frequency curve is that it has two gradients, name- 
ly from 1200 to 1700.0 oersteds and 1700.0 oersteds onward. 
The reason for having two gradients could Be attributed to the 
Fact that below 1700.0 oersted, the ferrite substrate is 
partially magnetized whereas above the 1700.0 oersted the 
ferrite substrate is fully magnetized. 

The experimental curve above 1700.0 oersted runs parallel 
to the curve plotted from Equation l. 

It 1s also of interest to notice that the experimental 
curve eventually intersects the vertical axis at 1200 oersteds 
which is the saturation magnetization of G1l001 and satisfies 


Equation 1 at this point. 
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B. DISPERSION DIAGRAM (ZERO APPLIED MAGNETIZATION FIELD) 
Experiments using microstrip on ferrite substrate were 
conducted in order to obtain the phase shift as a function of 

frequency in the case of zero applied magnetization field. 
Wimectrite was GIQQl and the microstrip was of the same di- 
mension and design as the line described in the previous sec- 
t ten. 

Figures 2-2 to 2-5 show the photographs of the phase-fre- 
quency display on the network analyzer. The aoe obtained 
from these photographs were tabulated in Table III, Appendix 
A. The above-mentioned data were plotted in Figure 2-6. Also 
shown is the result of the computer analysis for dielectric 
substrate [See Ref. 1]. 

D. H. Harris, F. J. Rosenbaum and C. G. Aumiller [Ref. 8] 
have developed a formula for parallel plane waveguide filled 
with ferrite material. Assuming T.E.M.-limit mode approxima- 
tion, at zero applied field the formula for propagation con- 


stant is 


Yue (1) 


where [Ref. 9] 


W 
Mm 


il 
ho 
=j 

= 
= 
4 
im 
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The theoretical curve in Figure 2-6 is the plot of equation 
(1). It is the infinite parallel plane waveguide filled with 


ferrite substrate (G1001). 
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Figure 2-2. 
Vertical Axis: 
Phase Shift, 
Scale 45 deg/DIV 





Microstrip phase shift vs. frequency in the absence of external 


magnetic field, 1" substrate (G1001). Horizontal axis: frequency 
sweep from 1 to 2 GHz. 
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Microstrip phase shift vs. frequency in the absence of external 
magnetic field, 1" substrate (G1001). Horizontal axis: fre- 
quency sweep from 2 to 4 GHz. 
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Figure 2-4. 
Vertical Axis 
Phase Shift, 
Scale 45 deg/DIV. 
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Microstrip phase shift vs. frequency in the absence of external 
magnetic field, 1" substrate (G1001). Horizontal axis: frequen- 
cy sweep from 4 to 8 GHz. 


Figure 2-5. 
Vertical Axis 
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Microstrip phase shift vs. frequency in the absence of external 
magnetic field, 1" substrate (G1001). Horizontal axis: frequen- 
cy sweep from 8 to 12.4 GHz. 
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Figure 2-6. Comparison of Experimental and Theoretical 


Results for Microstrip Transmission Line. 
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Also plotted is the computer analysis result for dielectric 
substrate based on the theory developed by A. M. Tufecioglu 
[Ref. 1]. The experimental curve as measured by network 
analyzer has a somewhat higher sloper than the computer analy- 
sis curve, but smaller than the theoretical slope based on 
formula (1). One can define an "average error" between the 


experimental results and the approximate theory (equation 1) 


B menAD a 
theory ee mons) 40.5% at 9 GHz. 


B exp 740 


This 1S a considerable error at 9 GHz, showing at zero applied 
field the parallel plane theory is within 40% of microstrip 
experimental results. At higher frequencies than 9 GHz, the 
average error decreases from the above figure, where at lower 
frequencies than 9 GHz, it increases. 

The average error between experimental results and the 


computer analysis [Ref. 1] result is 


B aS bs 
com exp _ 560 x 100 = 16.2% at 9 GHz. 
exp 


At higher frequencies than 9 GHz, the above average error 
decreases and below 9 GHZ increases. 

This in itself is a significant result showing that at 
zero applied field, the theory for microstrip on a dielectric 
substrate is within about 16% of the experimental result for 
Microstrip on a ferrite (G1001) substrate. 

From Figure 2-3, it is evident that the phase shift is 
constant in the frequency range of approximately 2 to 3 GHz, 


indicating low field losses. In this region the microstrip 
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is behaving as a band rejection filter because of low field 
losses [Ref. 3]. The effect of low field loss is better seen 


in the Insertion Loss Photograph, Fig. 2-8. 


CaeLNGERTION LOSS 

Experiments were carried out using the same microstrip as 
in the previous sections, in order to establish the insertion 
loss at various frequencies in the absence of any external 
magnetization field. 

The effect of low field losses is very clearly evident in 
Fig. 2-8 where 20 db loss is indicated from 1.98 to 2.8 GHz. 
Figure 2-9 indicates the insertion losses from 4 to 8 GHz, 
with a maximum insertion loss of approximately 10 db at fre- 


quencies of 4.5 and 6.4 GHz. 


D. REFLECTION 

Experiments were carried out on the same microstrip as 
described in order to establish the reflection at the Input 
Port. Figures 2-10 and 2-11 are the photographs from 1.98 to 
4, 4 GHz to 8 GHz frequency band. On the average, the return 
loss is approximately 17 db from 2 to 4 GHz and 14 db from 4 
to 8 GHz. Figure 2-9 and 2-11 show clearly that an impedance 
mismatch is present at the input and output connectors and 
that when the reflections cancel, transmission loss decreases 


to -2 db, indicating low attenuation due to magnetic loss. 


E. DISPERSION AND ATTENUATION WITH A BIASING FIELD 


1. Transverse Magnetic Field of 1730 Oersteds 


a. Dispersion Diagram 
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Figure 2-7. 
Vertical axis: 
Attenuation Scale 
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Zero db Reference. 
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Microstrip insertion loss in the absence of external magnetic 
field, 1" substrate (G1001). Horizontal axis: frequency sweep 
mom 1.981 to 4.09 GHz. 
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Figure 2-8. 
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Microstrip insertion loss in the absence of external magnetic 
field, 1" substrate (G1001). Horizontal axis: frequency sweep 
meom 4 to 8 GHz. 
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Microstrip Return loss vs. frequency in the absence of external 
biasing magnetic field, 1" substrate (G1001). Horizontal axis: 
frequency sweep from 1.98 to 4.09 GHz. 
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Microstrip return loss vs. frequency in the absence of external 
biasing magnetic field, 1" substrate (G1001). Horizontal axis: 
frequency sweep from 3.998 to 8.031 GHz. 
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Experiments were conducted using G1lOOl, 1" sub- 
strate with dimensions of W = .508 mm, D = .635 mm, to obtain 
the dispersion diagram of the microstrip. The w-8 diagram of 
a transversely magnetized G1001 garnet material was obtained 
using a microstrip with an external magnetization field of 
1730 oersted in the y direction (See Fig. 1-1). The micro- 
strip was designed to give a nominal 502 characteristic im- 
pedance taking into account the Wheeler permittivity [Ref. 6]. 

It was coupled to 502 input and output lines to the 
network analyzer. The phase shift as a function of frequency 
was photographed on the phase-frequency display of the network 
analyzer. The external biasing magnetic field was kept con- 
stant at 1730 oersted while the frequency was swept from 1.0 
EOuwemu 2.0 to 4.0 and 4.0 to 8.0 GHz. FPigures 2-ll and 2-12 
indicate the phase-frequency display for both directions of 
propagation. The resonance frequency occurred at approximate- 
ly 2.8 GHz. The results from pictures 2-1ll and 2-12 are 
plotted in Fig. 2-13 for both directions of propagation. It 
is evident from Fig. 2-13 that any difference in phase shift 
for the two directions of propagation is indistinguishable 
from experimental error. The data is tabulated in Tables 5 
and 6. 

From Fig. 2-13 it is evident that there are two 
regions of propagation, a lower branch extending to zero and 


an upper branch. These are separated by a cutoff region where 
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Microstrip Phase Shift vs. frequency. External tranverse 
biasing magnetic field = 1730 oersteds. 1" substrate (G1001). 


Horizontal axis: frequency sweep from 2 to 4 GHz. Vertical 
pets: 45 Deg. /DIV. 
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Figure 2-13. Propagation Constant of Transverse Magnetized 
Microstrip Transmission_Line for both Direc- 
tions of Propagation, Z , Zo 


34 





The stop band is centered around the resonance frequency where 
there is no propagation. The stop band here is approximately 
from 2.80 to 3.15 GHz, a bandwidth of 0.35 GHz. As the reson- 
ance frequency is approached, the slope of the w-8 diagram de- 
creases and beyond the cutoff region it starts increasing 
again. The cutoff region can be tuned in frequency by changing 
the applied biasing magnetic field He throughout the frequency 
mand. 
b. Attenuation 

The insertion loss of a 1" length of 502 (nominal) 
characteristic impedance microstrip on G1001 material is shown 
in Fig. 2-14 for a 1730 oersted of biasing field applied trans- 
verse to the direction of propagation. The line width was 
W= .508 mm and substrate height was D = .635 mm. The 
attenuation photograph indicates that the maximum insertion 
loss occurs at the notch which is at the resonance frequency 
where more than 120 db of attenuation occurred. 

Above and below the resonance, the loss decreases 
and approaches about the same value of insertion loss as in 
the absence of an applied magnetic field. The notch depth is 
a function of applied magnetic field. Throughout the 2 to 4 
Siae<requency range, the depth of the notch varied approxi- 
mately from 60 db to 120 db. Also of interest is the fact 
that the losses in both directions of propagation were the 
same which indicates the microstrip is reciprocal in this mode 
of propagation, although the field configurations for the two 


directions are probably different. This behavior is a result 
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Biagure 2-14. Microstrip attenuation vs. frequency. External 
transverse biasing magnetic field = 1730 oersteds, 
1" substrate (G1001). Horizontal axis: frequency 
sweep from 2 to 4 GHz. Vertical axis: 10 db/DIV. 
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of the absence of a significant longitudinal magnetic field 
component for this line geometry in this frequency range. 

Figure 2-15 indicates the return loss which is al- 
most constant through the frequency band of 2 to 4 GHz and is 
about -18 db indicating a reasonably good impedance match to 
the 502 coaxial lines. 

wee ltcansverse Magnetic Field of 2670 Oersteds 
a. Dispersion Diagram 

Experiments were conducted using the same micro- 
strip with an applied magnetization field of 2670 oersted to 
determine the w-8 diagram of the microstrip. The field was 
applied in the transverse direction (y direction, see Figure 
1-1). Figures 2-16 and 2-17 indicate the phase shift as a 
Pilemuan OL £requency from 3.998 to 8.031 GHz for both direc- 
tions of propagation. Figure 2-18 was constructed using the 
data from Fig. 2-16. The resonance frequency is approximately 
SL o2 GHz. 

The sScop bandits approximately from 5.1 to 5.7 GHz, 
a bandwidth of 0.6 GHz. 

From Figures 2-16 and 2-17, it is evident that the 
phase shift is the same in both directions of propagation and 
the microstrip is acting as a reciprocal tunable band rejection 
filter. The data are tabulated in Table 6, Appendix A. 

b. Attenuation 

Experiments were conducted using the same micro- 
Strip with an applied magnetization field of 2670 oersted to 
determine the insertion loss. Figures 2-19 and 2-20 indicate 


the attenuation in both directions of propagation as a 
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Peguueme= bo. Mrcrostrip return loss vS- frequency. External 
transverse biasing magnetic field = 1730 oersteds, 
1" substrate (G1001). Horizontal axis: frequency 
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Microstrip phase shift vs. frequency. External transverse 
biasing magnetic field = 2670 oersteds, 1" substrate (G1001). 


Horizontal axis: frequency sweep from 3.998 to 8.031 GHz. 
Vertical axis: 45 deg/DIV. 
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Figure 2-18. Propagation Constant of Transverse 
Magnetized Microstrip Transmission 
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Figure 2-20 
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Microstrip attenuation vs. frequency. External transverse 
biasing magnetic field = 2670 oersteds, 1" substrate (G1001). 


Horizontal axis: frequency sweep from 3.998 to 8.031 GHz. 
Mertical axis: 10 db/DIV. 
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Munection Of frequency from 3.99 to 8.031 GHz. From the figures 
it is evident that attenuation is maximum at the notch which is 
more than 120 db and occurs at the resonance frequency of 
approximately 5.192 GHz. 

The overall loss across the stop band from 5.1 to 
5.7 GHz is approximately 46 db. 

Figure 2-21 indicates the return loss as a func- 
Elem Of Frequency from 3.998 to 8.031 GHz. 

The value of return loss averages approximately 
-17 db through the band. Some deterioration of the impedance 
notch may be may be noted toward the upper end of the band, 
however. 

3. Transverse Magnetic Field of 3100 Oersteds 
-a. Dispersion Diagram 

In this experiment the magnetization was He = 
3100.0 oersted applied in the transverse direction (y direc- 
tion, see Fig. 1-1) and the substrate was the same as before. 
The measured resonance frequency was [- = 6.364 GHz. Figures 
2-22 and 2-23 indicate the phase as a function of frequency 
from 4 to 8 GHz for both directions of propagation. The 
dispersion diagram, Figure 2-24, is obtained from Fig. 2-23. 
The data is tabulated in Table 7 Demeter is A. It is 
evident from Figure 2-24 that the stop band is from 6.3 to 7.1 
GHz, a bandwidth of 0.8 GHz. 

D. H. Harris, F. J. Rosenbaum, and C. G. Aumiller 
[Ref. 7] have developed a formula for propagation constant 
for infinite ferrite filled parallel plane waveguide. For 


the ferrite magnetized in the y-direction (Fig. 1-1), the 
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Figure 2-21. 





db Reference 


Microstrip return loss vs. frequency. External 
transverse biasing magnetic field = 2680 oersteds, 
i substrate (GlO0Ol). Horizontal axis: frequency 
sweep from 3.998 GQmonUcl GHZ. VE6reElcal axis: 
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Figure 2-22 


ieebceeciren Of 
Propagation 








Piguserws— 25 


+ e * 
A SD isecruon of 
Propagation 





Microstrip phase shift vs. frequency. External transverse 
biasing magnetic field = 3100 oersteds, 1" substrate (G1001). 
Horizontal axis: frequency sweep from 4 to 8 GHz. Vertical 
axis: 45 deg/DIV. 
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Figure 2-24A. Propagation Constant of Transverse 
Magnetized Microstrip Transmission 
Line. 
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Polder tensor takes the forms where 


ar 
l= Up O 1 O : (1) 
JK O u 


Assuming that the fields in the lowest order mode are inde- 
pendent of x and y, Maxwell's equations yield solutions 


with the propagation constant given by 


hO| Fe 


B=+K (Ugg) (2) 


£ 


The propagation constant in Equation (2) for lLoss- 
less infinite ferrite filled parallel plane waveguide is the 
same for longitudinal magnetization and for transverse magneti- 
zation normal to the planes [Refs. 7 and 8]. Equation (2) was 
assumed to be a good approximation for a microstrip ring 
resonator and was compared with experimental results [Ref. 8]. 
Paemre 2-248 exhibits the plot of Equation (2) for H,= 31010 
oersteds for G1l001l microstrip. The results are tabulated in 
Table 8 of Appendix A. Also plotted in the same figure is 
the experimental result for transverse magnetization normal to 
the substrate of G1001 microstrip transmission line. 

It 1s evident that the experimental result and 
the plot of Equation (2) are not in agreement. The theoretical 
result indicates a much wider stop band than the experimental 
one. 

Another point of interest is that the experimental 
result as in Fig. 2-36 indicates that the w-8 diagram is 


different for transverse and longitudinal magnetization whereas 
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Figure 2-24B. Propagation Constant of Transverse Magnetized 
Microstrip Transmission Line. 
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Figure 2-25 
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Propagation 
Microstrip attenuation vs frequency. External transverse biasing 
Magnetic field = 3100 oersteds, 1" substrate (G1001). Horizontal 


axis: frequency sweep from 4 to 8 GHz. Vertical axis: 10 db/DIV. 
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Figure 2-27. 
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Microstrip return loss vs. frequency. External 

transverse biasing magnetic field = 3100 oersteds, 
1" substrate (G1001). Horizontal axis: frequency 
sweep from 4 to 8 GHz. Vertical axis: 10 db/DIV. 
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Refs. 7 and 8 indicate that Equation (2) approximately holds 
for both transverse and longitudinal magnetization and they 
are equal. The above-mentioned fact could not be verified in 
this work. Equation (2) only roughly indicates the shape of 
w-8 diagrams for transverse magnetization normal to substrate. 
b. Attenuation 

Figures 2-25 and 2-26 indicate the loss for both 
directions of propagation as a function of frequency from 4 to 
8 GHz. The applied magnetization was He = 3100 oersted and 
the resonance frequency was f = 6.364 GHz. At the resonance 
frequency a very sharp notch appeared with an attenuation 
greater than 120 db. The microstrip in general behaves as a 
band rejection filter. The overall loss across the stop band 
from 6.3 to 7.2 GHz is approximately 45 db. 

Figure 2-27 indicates the return loss from 4 to 8 
GHz. The return loss is approximately 17 db except where can- 
cellation of multiple reflections occurs at frequencies of 4.1, 
eeua and 7.7 GHz. 

Seeleansverse Magnetic Pield of 2650 Oersteds 
a. Dispersion Diagram 

In this case the microstrip designed had a 2" x 2" 
dimension, line width W = 0.508 mm, and substrate thickness 
D = 0.635 mm, chosen to give a nominal 502 characteristic 
impedance. The material used was G1001 garnet (47M. = 1200 G, 
= 15.2) and it was transversely magnetized (in y direction, 
see Figure 1-2). The microstrip was connected to 502 input and 


Output lines to the network analyzer. The phase shift was 


0 






measured as a function of frequency for a fixed applied biasing 
field He directed normal to the substrate. 

Figures 2-28 and 2-29 show the photographs of the 
phase shift as a function of frequency from 4 to 8 GHz for an 
applied magnetic field of 2650 oersted for both directions of 
propagation. Figure 2-30 indicates the experimental phase 
shift as a function of frequency for the fixed applied field 
of 2650 oersted. The results are tabulated in Tables 10 and 
11, Appendix A. The stop band is Pome from 3.5 GHZ “GOs. 4 
GHz, Or approximately a bandwidth equal to 1.1 GHz. From 
Figure 2-30 it is evident that the phase shift is again the 
same for both directions of propagation, and the small discrepan- 
cy is due to interpreting the results from photographs of Figs. 
feo and 2-29. 

The stop band is wider in this case in comparison 
to the 1" x 1" substrate as expected, because the size of the 
substrate is 2" x 2" which is twice as great as in the previous 
cases. 

b. Attenuation 

face attenudetonm Ciezemex 2eeet GlOO]l microstrip 
were measured as a function of frequency from 4 to 8 GHz for 
a fixed applied magnetization field H. = 2650 oersted applied 
normal to the substrate in the y-direction (Fig. 1-l). Figures 
feoleand 2-32 indicate attenuation for both directions of 
propagation. It is evident that the microstrip is behaving as 
a band rejection filter, with the center frequency of its stop 


band being a function of applied field H.- The stop band 
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Figure 2-28 
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Microstrip phase shift vs. frequency, 2" substrate. External 
transverse biasing magnetic field = 2650 oersteds. Horizontal 
€x1ls: frequency from 4 to 8 GHz. Vertical axis: 90 deg/DIV. 
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Figure 2-30. Propagation Constant and Attenuation 
of Transverse (Y-Direction) Magnetized 
Microstrip Transmission Line. 
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Figure 2~31 
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Figure 2-32 
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Microstrip attenuation vs frequency, 2" substrate. External 
transverse biasing magnetic field = 2650 oersteds. Horizontal 
exis: frequency from 4 to 8 GHz. Vertical axis: 10 db/DIV. 
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moemroughly from 5.3 to 6.4 GHZ which gives a bandwidth of 
approximately-1.1 GHz. 

The attenuation in the stop band is approximately 
60 db. There are several notches apparent in the stop band 
which are approximately 20 db greater than the average 
attenuation in the stop band. Increasing the applied magnetic 
field will cause the stop band to move to a higher frequency, 
so the microstrip is acting as a tunable band rejection filter 
with applied magnetic field as the means of tuning. 

It is evident also from Figs. 2-31 and 2-32 that 
the attenuation is the same for both directions of propagation. 

5. Longitudinal Magnetization of 3100 Oersteds 
a. Dispersion Diagram 

Experiments were conducted using the G1001 1" x lL" 
substrate with dimensions of W = 0.508 mm, D = 0.635 mm, to 
obtain the dispersion diagram of the microstrip. The w-§ dia- 
gram of a longitudinally magnetized G1001 garnet substrate 
material was measured using a microstrip with an external 
magnetization field of H. = 3100 oersted in the z-direction 
(See Fig. 1-1). The microstrip was designed to give a nominal 
502 characteristic impedance taking into account the Wheeler 
permittivity [Ref. 6]. 

It was coupled to a 502 input and output line to 
the network analyzer. The phase shift as a function of fre- 
quency was photographed on the phase-frequency display of the 
network analyzer. The external biasing magnetic field was kept 


constant at He = 3100 oersted, while the frequency was swept 


DS 





from 2 to 12.4 GHz. The resonance effect occurred between 8 
ema 12.4 GHZ. 

Pictures 2-33 and 2-34 show the w-8 display for 
both directions of propagation. 

The resonance frequency occurred at approximately 
9.87 GHz. The results from Figs. 2-33 and 2-34 are plotted 
fo Piqe2—-35 for only one direction of propagation. It is 
evident from Figs. 2-33 and 2-34 that the phase shift is the 
same for both directions of propagation. The data is tabulated 
in Table 9 of Appendix A. 

From 2-35 it 1S evident that there are two regions 
of propagation, a slow wave (low frequency) branch and a fast 
wave (high frequency) branch. These are separated by a cutoff 
region. The stop band here is approximately from 9.63 to 12.16 
muon OL a bandwidth of 2.53 GHz. 

The cutoff region can be tuned in frequency by 
changing the applied biasing magnetic field H.- 

Figure 2-36 shows the w-8 diagram for transverse 
and longitudinal magnetization (from Fig. 2-35) for the same 
parameters and conditions. From Fig. 2-36 it is evident that 
the cutoff region for longitudinal magnetization is much 
larger than for transverse magnetization; for longitudinal 
magnetization it is 2.53 GHz bandwidth, whereas for transverse 
magnetization it is 0.8 GHz bandwidth, or approximately one- 
third of that for longitudinal magnetization. 

It 1s evident from Fig. 2-36 that for the same 


conditions and parameters and magnetic biasing field of 3100.0 
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Figure 2-33 
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Figure 2-34 
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Microstrip phase shift vs. frequency, 1" substrate. External 


longitudinal biasing magnetic field: 3100 oersteds. Horizontal 


axis: frequency sweep from 8 to 12.4 GHz. Vertical axis: 
45 deg/DIV. 
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oersted, the stop band and resonant frequency in the case of 
longitudinal biasing magnetic field has shifted in frequency. 
b. Attenuation 

Figures 2-37 and 2-38 indicate the loss for both 
directions of propagation as a function of frequency from 8 
to 12.4 GHz. The applied biasing magnetic field was He = 
3100 oersted applied in the longitudinal direction and the 
resonance frequency was approximately t. = 9.07 GHZ. 

At the resonance frequency a very sharp notch ap- 
pears with an attenuation of approximately 60 db. The amount 
of attenuation varies through the stop band from 60 db to 30 
db as can be seen from Figs. 2-37 and 2-38. Comparing Figs. 
2-25 and 2-26 (transverse magnetization) with Figs. 2-37 and 
2-38, it is clear that the attenuation in the case of trans- 
verse magnetization is much higher than for longitudinal 


magnetization. 
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Microstrip attenuation vs. frequency, 1" substrate. External 
longitudinal biasing magnetic field = 3100 oersteds. Horizontal 
axis: 8 to 12.4 GHz. Vertical axis: 10 db/DIV. 
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fiw COM ULBR ReoUlo HORM LCKOm nr. 


A hybrid mode analysis of microstrip by the method of 
moments applied in the spectral or (Fourier) transform domain 
has been developed by A. M. Tufekcioglu [Ref. l]. For ferrite 
substrate, the method developed by Tufekcioglu calculates the 
propagation constant and attenuation based on perturbation 
theory, assuming a transversely magnetized substrate. Numeri- 
cal evaluation of the resulting expressions has been carried 
out in the spectral domain and a computer program has been 
developed for this analysis. Using the above-mentioned comput- 
er analysis, the following results were obtained. 


A. DISPERSION AND ATTENUATION DIAGRAMS (TRANSVERSE MAGNETIZA- 
TION) 


fee Dispersion Diagram 
A computer analysis for microstrip transmission lines 
on Gl0OO1 garnet material with different applied biasing magne- 
tic fields and resonance frequencies with the following speci- 
Fications were obtained: 
G1l00l1, 1" x 1" dimension 
W = 0.508 mm D = "026245 mm; 


47M . = 1200.0 Gauss c,. = 15.2 


Figures 3-1, 3-4 and 3-6 indicate the w-8 diagrams 
for both directions of propagation for resonance frequencies 
Of 2.8 5.192, and 6.364 GHz and applied magnetic fields of 
1730, 2670 and 3100.0 oersteds. The results are tabulated 


in Tables 12, 13 and14 of Appendix A. 
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From all these computer generated dispersion (w-8) 
diagrams it is evident that there are two propagation branches, 
a low frequency (slow wave) branch below the resonance fre- 
quency, and a high frequency (fast wave) branch above the re- 
sonance frequency. 

As frequency is increased from zero, the phase shift 
decreases, reaches a minimum value, and then at resonance 
frequency it switches sharply to a maximum value of phase 
shift and beyond resonance decreases as frequency increases. 

The phase ve. frequency diagrams for opposite direc- 
tions of propagation are of the same shape except that maxi- 
mum and minimum values of phase shifts are approximately halved. 
The computer generated dispersion (w-8) diagrams exhibit no 
cutoff region as it was evidenced from experiments. Also 
evident from Figs. 3-1, 3-4 and 3-6 is that as the resonance 
frequency increases the maximum and minimum values of phase 
shift increase as well. 

2. Attenuation Diagrams 

The computer analysis of attenuation of 1" microstrip 
transmission line on G1001 material with the same condition 
and specification as.in III.A.1 with different applied biasing 
magnetic fields and resonance frequencies were obtained. Fig- 
ures 3-2, 3-5 and 3-8 indicate the attenuation diagrams for 
both directions of propagation for resonance frequencies of 
2.8, 5.192, and 6.64 GHz and applied magnetic fields of 1730, 
2670 and 3100.0 oersteds. 

The results are tabulated in Tables 12, 13 and 14 of 


Appendix A. 
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Computer analysis attenuation diagrams exhibit a sharp 
attenuation at resonance frequency and fall off rapidly to a 
zero value above and below resonance frequency. Computer 
analysis also indicates a stop band as it was evidenced from 
experiment results. Also plotted is characteristic impedance 


in Fig. 3-3 for microstrip assuming the dielectric substrate. 
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Figure 3-1. Propagation Constant of Transverse Magnetized 
Microstrip Transmission Line. 
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Figure 3-2. Attenuation vs. Frequency of 
Transversely Magnetized Microstrip 
Transmission Line. 
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Figure 3-3, Characteristic impedance Of Microstrip 
Transmission Line on Dielectric Substrate. 
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Figure 3-4. Propagation Constant of Transverse 
Magnetized Microstrip Transmission 
Line. 
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Magnecized Microstrip Transmission 
Line. 
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ly Magnetized Microstrip Transmission 
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IV. COMPARISON BETWEEN EXPERIMENTAL AND COMPUTER ANALYSIS 
FOR MICROSTRIP TRANSMISSION LINE 
Comparison between the experimental and computer analysis 
results of a transversely magnetized microstrip transmission 


line indicate certain differences between them as follows. 


A. STOP BAND 

Bxperimental w-8 diagrams of Figs. 2-13, 2-18 and 2-24 
Behibit Seep bands Of 0.35, 0.6 and 028 GHz. The shape of 
w-8 diagrams of experimental and computer analysis are not in 


agreement as well. 


B. EXPERIMENTAL w-8 DIAGRAM 

Experimental w-8 diagram of Figs. 2-13, 2-18 and 2-24 indi- 
cate that as frequency increases below resonance, the phase 
shift increases as well, whereas computer results of Figs. 3-l, 
3-4 and 3-6 indicate that the phase shift decreases with in- 
creasing frequency till the resonance frequency is reached. 
Also beyond resonance frequency the experimental curve in- 
creases again as a function of frequency, whereas computer 
results indicate the phase shift having reached a peak, de- 
creases as a function of frequency. The fact that the comput- 
er analysis exhibits the change of sign of phase shift above 
and below resonance frequency indicates the propagation changes 


direction. This is not in agreement with experimental results. 


C. GRADIENTS OF w-8 DIAGRAMS 
The gradients of w-8 diagrams of experimental and computer 
analysis differ at each frequency. 
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®. PHASE SHIFT 
The values of phase shift at each frequency is radically 
different (far greater) for computer analysis in comparison 


to the experimental results. 


E. ATTENUATION 

Experimental attenuation pictures of Figs. 2-14, 2-20 and 
2-25 exhibit a stop band and within the stop band a sharp 
notch which its frequency were taken as resonance frequency. 
The computer analysis of attenuation figures 3-2, 3-5 and 3-7 
(does not indicate any stop band) exhibits a very sharp indica- 
tion of attenuation. The notch is centered at the resonance 
frequency. 

Also attenuation for both directions of propagation dif- 
fers approximately by a factor of two, which is contrary to 
the experimental results of attenuation. This could be due to 
dynamic range and sensitivity limitations of the analysis. 

The computer analysis indicating the sharp notch of 
attenuation at resonance frequency is in agreement with the 
notch exhibited in the stop band of experimental results, al- 
though the values of attenuation for the former is much higher 


than the one obtained in the experiment. 


fe) NON=RECIPROCALITY 

The computer analysis indicated that the microstrip trans- 
mission line is behaving as a non-reciprocal band rejection 
filter, a hypothesis which was hard to establish from experi- 


mental results obtained. 
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The reason for contradiction between theory and practice 
stated above could be attributed to the following. 

1. The computer analysis is based on perturbation theory, 
and perturbation theory is only valid if the changes predicted 
are very small [Ref. 5]. . 

2. Reference 7 indicates that the characteristic imped- 
ance of a microstrip transmission line have generally a shape 
Similar to the experimental w-8 diagram; it has high and low 
frequency branches, separated by a cutoff region. 

Characteristic impedance used in computer analysis [Ref. 
1] was for a dielectric substrate and its values changed very 
little with frequency as indicated in Fig. 3-3. So, this could 


have led also to a very different result from the actual one. 
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V. COPLANAR WAVEGUIDE ON FERRITE SUBSTRATE 


A. DISPERSION DIAGRAM (ZERO APPLIED MAGNETIZATION FIELD) 
Experiments using coplanar waveguide on ferrite substrate 
were conducted in order to obtain the phase shift as a func- 
tion of frequency in the case of zero-applied magnetization 
field. 
The ferrite was G1001 and the coplanar waveguide had the 


following specifications: 


Overall dimensions: 2" x 2" 
Thickness of dielectric: .635 mm 
W/D = 1.260, S/D = 3.15 


PeEMLetivity = 15.2 


The coplanar waveguide was designed to give a nominal 502 
characteristic impedance for dielectric substrate. The co- 
planar [Ref. 2] computer program was run in order to obtain 
the ratio of S/D, W/D for a nominal characteristic impedance 
of 502. 

The coplanar waveguide was coupled by 502 input and out- 
put lines to the network analyzer. 

Figures 4-1 and 4-2 show the photographs of the phase- 
frequency display on the network analyzer when the substrate 
is unbiased. The data obtained from these photographs are 
tabulated in Table 15 of Appendix A. The above-mentioned 
data are plotted in Fig. 4-3. Also shown is the result of 


the computer analysis for dielectric substrate [Ref. 2]. 
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Figure 4-1. 
Vertical Axis: 
Phase Shift 
Scale 45 deg/DIV 





Coplanar phase shift vs. frequency in the absence of external 
Magnetic field, 2" substrate. Horizontal axis: frequency sweep 
mrom 4 to 8 GHz. 


Figure 4-2. 
Vertical Axis: 
Phase Shift 
Scale 45 deg/DIV 





Coplanar phase shift vs. frequency in the absence of external 


Magnetic field, 2" substrate. Horizontal axis: frequency sweep 
meom 8 to 12.4 GHz. 
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Figure 4-3. Coplanar waveguide w-8 diagram in the 
absence of external magnetic field. 
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From Figure 4-3 it-1s evident that the experimental w-8 
diagram has a higher slope than the result obtained from the 
computer analysis [Ref. 2], which could be due to magnetic 


properties of the substrate. 


B. DISPERSION AND ATTENUATION 
1. Transverse Magnetic Field 
a. Dispersion Diagram 

Experiments were conducted using G1001, 2" sub- 
Strate with dimensions D = 0.635 mm, W/D = 1.260, S/D= 
3.15, to obtain the dispersion diagram of the coplanar wave- 
guide. The w-8 diagram of a transversely magnetized G1lOOL1 
garnet material was obtained using a coplanar waveguide with 
external magnetization fields of 2950.0 and 3215 oersteds in 
x direction (See Fig. 1-2). The coplanar waveguide was de- 
Signed to give approximately a nominal 502 characteristic 
impedance. 

It was coupled by 50 input and output lines to 
the network analyZer. 

The external biasing magnetic fields were kept con- 
stant at 2950.0 and 3215.0 oersteds while the frequency was 
swept from 4 to 8, and 8 to 12.4 GHz, respectively. Figures 
4-4 and 4-5 indicate the phase vs. frequency display for 2950.0 
oersteds external magnetic field for both directions of propa- 
gation. The results from Figs. 4-4 and 4-5 are plotted in 
Bi1qge8 4-6 for both directions of propagation. The data is 
tabulated in Table 16 of Appendix A. Pictures 4-12 and 4-13 


indicate the phase vs. frequency display for 3215.0 oersteds 
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Figure 4-4. 
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Figure 4-5. 
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Propagation. 





Coplanar phase shift vs. frequency, 2" substrate. External 
transverse biasing magnetic field = 2950 oersteds. Horizontal 


axis: frequency sweep from 8 to 12.4 GHz. Vertical axis: 45 
deg/DIV. 
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Figure 4-6. Coplanar Phase Shift vs. Frequency for 
Transverse Magnetization (X-Direction). 
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external magnetic field for both directions of propagation. 
The results from pictures 4-12 and 4-13 are plotted in Fig. 
4-14 for both directions of propagation. The data are tabu- 
lated in Table 17 of Appendix A. From Figs. 4-6 and 4-14 it 
is evident that there are two regions of propagation, a lower 
branch extending to zero and an upper branch. These are 


separated by a cutoff region where u is negative. The 


eff 
stop band is the region where there is no propagation. 

From Figs. 4-4, 4-5, 4-6, 4-12, 4-13, and 4-14, 
it is evident that the coplanar waveguide is nonreciprocal, 
namely the stop band is different for both directions of 
propagation. For one direction of propagation in the case of 
He = 2940.0 oersteds, the stop band is from approximately 9.42 
eto 10.2 GHz, or 0.78 GHz; whereas for the opposite direction 
of propagation, the stop band is from 9.54 to 10.74 GHz, or 
1.2 GHZ bandwidth. 

For the case of He = 3215.0 oersteds, the stop 
band for one direction of propagation is approximately from 
10.2 to 11.08 GHz, or 0.88 GHZ bandwidth, and for opposite 
direction of propagation, it iS approximately from 9.98 to 
fi. s3 GHZ, or 1.35 GHZ bandwidth. 

The bandwidth for one direction of propagation 
designated arbitrarily as Z is higher than the stop band 
for the other direction of propagation which indicates that the 
coplanar waveguide as a band rejection filter is nonreciprocal. 

The frequency of the cutoff region throughout the 
Frequency band can be tuned by changing the applied biasing 


magnetic field Ho: 


ork 





b. Attenuation 

The insertion loss of a 2" length of 50 (nominal) 
characteristic impedance coplanar waveguide on G1001 material 
is shown in Figs. 4-7, 4-8, 4-15, and 4-16 for 2950.0 and 3215.0 
oersteds of biasing fields applied transverse to the direc- 
tion of propagation (x-direction, See Fig. 1-2). 

The dimensions of the coplanar waveguide were 
D = 0.635 mm, W/D = 1.260, S/D = 3.15, and the experiments 
were conducted with the same conditions as in Part B.l.a. 

The attenuation photograph in the case of Ho = 2950.0 
oersteds indicates that the maximum insertion loss occurs at 
the notch in Fig. 4-7, which is more than 80 db; whereas Fig. 
4-8 indicates a constant 40 db attenuation throughout the stop 
band from approximately 9.4 to 10.74 GHz. 

In Fig. 4-7 the attenuation varies throughout the 
stop band, and it is approximately 30 db from 9.4 to 10.7 GHz, 
while the notch has more than 80 db of attenuation. Figs. 
4-15 and 4-16 indicate attenuation in the case of A. = 3215.0 
oersteds. In Fig. 4-15 the attenuation is 30 db throughout 
the stop band and there is a peak of -48 db at 10 GHz. In 
Fig. 4-16, the attenuation is from -35 db to -40 db throughout 
the stop band. From attenuation photographs, it is evident 
that the shape and the amount of losses are different for both 
directions of propagation giving support to the theory that the 
coplanar waveguide is nonreciprocal as was seen in the case of 
dispersion diagrams. Fig. 4-9 indicates the return loss from 


4 to 8 GHz in the absence of any biasing magnetic field. The 
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Figure 4-7. 
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Coplanar attenuation vs. frequency, 2" substrate (G1001). 
External transverse biasing magnetic field = 2950 oersteds. 
Horizontal axis: frequency sweep from 8 to 12.4 GHz. 
Vertical axis: 10 db/DIV. 
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Figure 





ca 


zero db 
Reference. 


Coplanar return loss vs. frequency in the absence 
of external biasing magnetic field, 2" substrate 
(G1001). Horizontal axis = frequency sweep from 
4 to 8 GHz. Vertical axis = 10 db/DIV. 
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Figure 4-10. 


zero db 
Reference. 


Coplanar return lossvs. frequency. External 

transverse biasing magnetic field = 2950 oersteds. 
2" substrate (G1001). Horizontal axis = frequency 
sweep from 4 to 8 GHz. Vertical axis = 10 db/DIV. 
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Pigure 4-11. Coplanar return loss vs. frequency. External 


transverse (X direction) biasing magnetic field = 
2950 oersteds, 2" substrate (G1001). Horizontal 


axis: frequency sweep from 8 to 12.4 GHz. 
Vertical axis: 10 db/DIV. 
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Figure 4-12. 
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Figure 4-13. 
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Coplanar phase shift vs. frequency, 2" substrate (G1001). 


External transverse (x direction) biasing magnetic field = 
3215 oersteds. 


Horizontal axis: frequency sweep from 8 to 12.4 GHz. 
Pertical axis: 45 deg/DIV. 
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Figure 4-14. Coplanar Phase Shift vs. Frequency ous 


Transverse Magnetization (X-Direction). 
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Figure 4-15. 
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Figure 4-16 
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Coplanar attenuation vs. frequency, 2" substrate (G1001). 


External transverse (x direction) biasing magnetic field = 
3215 oersteds. 


Horizontal axis: frequency sweep from 8 to 12.4 GHz. 
Bertical axis: 10 db/DIV. 
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Figure 4-17. Coplanar return loss vs frequency. External 
transverse (x direction) biasing magnetic field 
= 3215 oersteds, 2" substrate (G1001). Horizontal 


axis: frequency sweep from 8 to 12.4 GHz. Vertical 
axis ILO) ley Ee 
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return loss is approximately -30 db throughout the band, indi- 
cating a very good impedance match. 

Figure 4-10 indicates the return loss from 4 to 8 
GHZ with an applied biasing magnetic field of 2940.0 oersteds. 
The return loss is somewhat more than -30 db throughout most 
fo: the band. 

Figure 4-11 indicates the return loss from 8 to 
12.4 GHZ with an applied transverse biasing magnetic field of 
2950 Gersteds and it 1S approximately -24 db from 8 to ll.l 
GHz and -20 db from 11.1 to 12.4 GHZ bandwidth. 

Figure 4-17 indicates the return loss from 8 to 
12.4 GHZ with an applied biasing magnetic field of 3215.0 
oersteds. The return loss on average is -24 db throughout the 
band. Thus, the impedance match is not as good as from 4 to 
8 GHz but is still quite acceptable. 

2. Transverse Magnetic Field 

Experiments were conducted on coplanar waveguide with 
the same conditions as in b. except that the bias field was 
changed to be in the y-direction (See Fig. 1-2). Pictures 
4-18 and 4-19 indicate the phase vs. frequency display and 
pictures 4-20 and 4-21 show the attenuation for both directions 
of propagation with He = 2940.0 oersteds. 

Figures 4-22 and 4-23 indicate the attenuation and 
phase displays for He = 3215.0 oersteds for 27 direction. 
These pictures indicate that external magnetization in the x 
and y-directions does not produce the same effect. There 1s 


a certain attenuation bandwidth more than -30 db of 


oak 





Figure 4-18. 
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Coplanar phase shift vs. frequency, 2" substrate (G1001). 
External transverse (y direction) biasing magnetic field = 
2950 oersteds. 

Horizontal axis: frequency sweep from 4 to 8 GHz. 
Vertical axis: 45 deg/DIV. 
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Figure 4-20. 
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Figure 4-21. 
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Coplanar attenuation vs. frequency, 2" substrate (G1001). 
External transverse (y direction) biasing magnetic field = 
2950 oersteds. 


Horizontal axis: frequency sweep from 4 to 8 GHz. 
Wertical axis: 10 db/DIV. 
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Figure 4-22. Coplanar attenuation vs. frequency, 2" substrate 
(G1001). External transverse (y direction) bias- 
ing magnetic field = 3215 oersteds. Horizontal 
axis frequency sweep from 4 to 8 GHz. Vertical 


axis EOedb/ DEV . 
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Figure 4-23. Coplanar phase shift vs. frequency, 2" substrate 
(G1O001). External transverse (y direction) biasing 
magnetic field = 3215 oersteds. Horizontal axis: 
Frequency sweep from 4 to 8 GHz. Vertical axis: 

45 deg/DIV. 
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attenuation, but the coplanar waveguide is also reciprocal for 
this mode of propagation. 
3. Longitudinal Magnetic Field 

Experiments were conducted on coplanar waveguide with 
the same conditions as in b. except that the bias field was 
changed to be in the longitudinal direction. Pictures 4-24 
and 4-25 show the attenuation and phase shift with He = 2940 
oersteds. Pictures 4-26 and 4-27 show the return loss. The 
attenuation and phase shift was the same for both directions 
of propagation. In Figure 4-24 the attenuation is 50 db from 
10 to 11.3 GHz, and attenuation is greater than the case of 


transverse magnetic bias. 
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Figure 4-24. Coplanar Attenuation vs. Frequency, 1" substrate 
(G1001). External longitudinal biasing magnetic 


Field = 2940 oersted. Horizontal axis: frequency 
sweep from 8 to 12.4 GHz. Vertical axis: 10 
aia Diy: 
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Figure 4-25. Coplanar Phase Shift vs. Frequency, 1" substrate 


(G1001). External longitudinal biasing magnetic 
Field = 2940 oersteds. Horizontal axis: frequency 
sweep from 8 to 12.4 GHz. Vertical axis: 45 
deg/DIV. 
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Figure 4-26. Coplanar Return Loss vs. Frequency in the Absence 
of External Biasing Magnetic Field. 1" substrate 
(G1001). Horizontal axis: frequency sweep from 
SmEOuwlzeaGHZ. Vertical axis: 10 db/div. 
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Pigure 4-27. Coplanar Return Loss vs. Frequency. External 
Longitudinal Magnetic Field = 2940 oersteds. 


ieestiogmeate (GLUU0L)] ~Horrzomeal axis: ~“fre- 
quency sweep from 8 to 12.4 GHz. Vertical axis: 
icOe Gia, dan. 
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VI. COMPUTER RESULTS FOR COPLANAR WAVEGUIDE 


A frequency dependent hybrid mode analysis of general co- 
planar transmission lines on ferrite substrate has been deve- 
loped by K. D. Kuchler [Ref. 2]. A Fourier transform technique 
was applied and the resulting expressions were evaluated using 
the method of moments. An extension of this technique was 
used in a perturbational analysis of:coplanar waveguide on 
ferrite substrate. The computer programs developed by kK. D. 
Kuchler were used to solve the coplanar waveguide and the 
following results were obtained. 


A. DISPERSION AND ATTENUATION DIAGRAMS (TRANVERSE 
MAGNETIZATION, X-DIRECTION) 


PeeDaspersion Diagram 
A computer analysis for coplanar waveguide on G1O001 
garnet material with different applied biasing magnetic fields 


with the following specifications were obtained. 


G-1001, 2" x 2" dimension 
» = 0.635 mn. S/D = 3.25 W/D = 1.260 


4nM = 1200.0 ew= 1522 
S 12 


Figures 4-28 and 4-29 indicate the w-8 diagrams for both direc- 
tions of propagation for applied biasing magnetic fields of 
2940 and 3215 oersteds. The results are tabulated in Tables 

18 and 19 which is both for coplanar waveguide on dielectric 


Material as well as ferrite material. 
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Figure 4-29. Coplanar Waveguide Phase Shift vs. Frequency, 
Transverse Magnetization (X-Direction), Computer 
Analysis. 
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From Figures 4-28 and 4-29, the w-8 diagram, it is 
evident that there are two propagation branches, a low fre- 
quency and a high frequency branch. 

As frequency is increased from zero, the phase shift 
increases, reaches a maximum and then at resonance it switches 
sharply to a negative value of phase shift; and as frequency 
is further increased, the value of phase shift becomes less 
negative. The fact that the phase shift is negative does not 
indicate that the wave has Seeders direction of propaga- 
tion; it is merely a mathematical convenience inherent in the 
solution. The w-8 diagram for opposite direction of propaga- 
tion are of the same shape except that the maximum, minimum 
values are reduced. 

The computer analysis dispersion diagrams (w-8) exhibit 
no cutoff region as it was noticed (interpreted) from experi- 
ments. Maximum phase shift for forward direction in the case 
Of Ho = 3215.0 oersteds was 1009.2 deg/inch at 10.4 GHz, while 
the minimum phase shift was -1008.24 deg/inch at 10.6 GHz. The 
phase shift at 10.5 GHz was -57.87 deg/inch. 

2. Attenuation Diagrams 

The computer analysis of attenuation of 2" coplanar 
waveguide on G1001 material with the same conditions and 
specifications as in VI.A.1 with different applied biasing 
magnetic fields was obtained. Figures 4-30 and 4-31 indicate 
the attenuation diagrams for both directions of propagation 
for applied magnetic fields of 2940.0 and 3215.0 oersteds. 


The results are tabulated in Tables 18 and 19. 
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Figure 4-30. Attenuation vs. Frequency of Coplanar Waveguide 
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Computer analysis attenuation diagrams exhibit a sharp 
attenuation at resonance and falls off Bap diy eco Zero. sco 
puter analysis does not indicate any stop band as it was 
evidenced from experimental results. The maximum attenuation 
in the case of He = 3245 oersteds for the forward direction 
was 218.42 db/cm; whereas for the reverse direction, it was 


BuigmzooGb/Cm occurring at 10.5 GHz. 
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VII. COMPARISON BETWEEN EXPERIMENTAL AND COMPUTER ANALYSIS 
FOR COPLANAR WAVEGUIDE 
Comparisons between the experimental and computer analysis 
results of a transversely magnetized (x-direction, see figure 
1-2) coplanar waveguide indicate certain differences as well 


as agreement between them as follows. 


A. STOP BAND 
From experimental results, the phase photographs of Figures 
4~5 and 4-13 exhibit a stop band; whereas the plots based on 


the computer analysis do not indicate a stop band. 


B. EXPERIMENTAL w-8 DIAGRAM 

Experimental w-8 diagrams of Figs. 4-6 and 4-14 indicate 
that as frequency increases in lower frequency branch, the 
phase shift increases as well, which is in agreement with the 
computer analysis results. 

Also experimentally in the upper frequency branch, the 
phase shift increases with frequency; whereas the computer 
analysis results indicate that the phase shift from a minimum 
value which in the case of Lia 3215.0 oersteds is -1008.24 
deg/inch will increase as frequency is increased; again, this 
is in agreement with the experiment, although the phase shift 
change from -1008.24 to -254.0 deg/inch was interpreted as an 
increase in the phase shift. 

If the change of sign is interpreted as the change of 


direction of propagation, then the computer analysis result 
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is not in agreement with the interpretation of experimental 


results. 


C. GRADIENTS OF w-8 DIAGRAMS 
The gradients of w-8 diagrams of experimental and computer 


analysis differ at each frequency. 


D. ATTENUATION 

Experimental attenuation pictures of Figs. 4-7, 4-8, 4-15 
and 4-16 exhibit a stop band for both directions of propagation. 
The stop bands for the case of He = 2940.0 oersteds for both 
directions of propagation were 1.2 and 0.78 GHz. 

For the case of Ho = 3215.0 oersteds, the stop bands were 
0.88 and 1.35 GHz. The computer analysis results plotted in 
Figs. 4-9 and 4-10 do not indicate any stop band. The amount 
of attenuation is far greater from computer results than by 
the experiment for both directions of propagation. 

perputer analysis indicates almost a sharp notch at a 
frequency which could be taken as the resonance frequency, which 


1s contrary to the experimental results. 


E. EXPERIMENTAL RESULTS OF COPLANAR WAVEGUIDE 
The experimental results indicate that the coplanar wave- 


guide roughly behaves as a nonreciprocal band rejection filter. 
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Vili. sGCONCLUSION 


In this thesis both a microstrip transmission line and a 
coplanar waveguide on G100l1 ferrite substrate were designed. 
The experimental dispersion (w=) and attenuation diagrams for 
different external magnetic fields were obtained. The experi- 
mental microstrip transmission line results were compared with 
theoretical work based on perturbation theory, and they did 
not agree well. The microstrip experimental results were in 
agreement with the experimental results of other investigations. 
It was established that the microstrip on ferrite substrate is 
a reciprocal band rejection filter, which can be tuned by 
external applied magnetic field. 

The experimental coplanar waveguide results were roughly 
in agreement with the theory based on perturbation except in 
few cases. The coplanar waveguide is also a nonreciprocal 
band rejection filter which can be tuned by external applied 
magnetic field. 

While the agreement between theory and experiment leaves 
much to be desired, it should be stressed that one should not 
expect high accuracy from a perturbational analysis of the 
changes which occur are too great. In the absence of any 
rigorous theory, however, perturbation theory can be useful 
as an indicator of interaction between the electromagnetic 
field and the material and can reveal certain features of the 
interaction. The need for further theoretical work on these 


structures is clear, however. 
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APPENDIX A 


TABLE 1 


PROPERTIES OF MAGNETIC SUBSTRATE 
















G-1001 
GADOLINIUM DOPED 
IRON GARNET 


CHARACTERISTICS 


Saturation Magnetization (47M _) 
in gauss @ 23°C 


g-effective @ 9.4 GHz 


Line Width (AH) in oersteds 
@ -3db and 9.4GHz 







Line Width (AH) in oersteds 
@-15db and 9.4 GHz 







360 + 203 


Dielectric Constant (€) @ 9.4 GHz 





15.2 + 5% 







Dielectric Loss Tangent (tan6) 


@ 9.4 GHz 





€< .0002 






Curie Temperature in °C 280 






Spin Wave Line Width (AH,) in 


oersteds @ 9.4 GHz k 











evwnecning Coefficient* (S_) vip 
oersted ° usec 





Swieching Intercept* (H,) in 


orsteds 0 







Initial Permeability (Ho) @ 1 KHz 


Bess OuUtpuUut voltage measurement 


ey 





TABLE 2 


EXPERIMENTAL RESULT 


Resonance frequency vs. transverse (y-direction) applied 
biasing magnetic field of microstrip transmission line 


G-1l001l 1" x 1" dimension 
D = .635 mm W 0.508 mm 
E a. 2 47M. 1200.0 gauss 


Frequency F Applied Magnetic 
in GHz Field Hos in Gauss 





dA 





TABLE 2 (Continued) 


THEORETICAL RESULT 


ed aah 


Frequency Ee 
in GHz 





Applied Magnetic 
Field Hoe in Gauss 





des 





TABLE 3 
EXPERIMENTAL RESULTS 


PiceOstrip transmission line on ferrite substrate G1001, 1’xl", 
in the absence of any external magnetic field 


Thickness of Dielectric D = 0.635 mm, W/D = .8 


FREQUENCY IN PHASE Job ir iN 
GHZ DEG/INCH. 


Be 0 
Be 2 
5.6 
50 
4.0 
4.4 
4.8 
Bure 
6 
OU 
6.4 
6.8 
fae Z 
i268 
SU 
8.4 
Be 6 
oe 
Oi 


a aero 
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TABLE 4 


Microstrip on ferrite substrate G1001, 1" x 1" 
Thickness of dielectric D = 0.635 mm., W/D = .8 
Permittivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 1730.0 Orstead 


Line width = 75.0 Orstead, LANDE -G Factor = 1.99 


+ j : 
Z2 Directions 


FREQUENCY PHASE SHIFT 
GHZ DEG. /INCH 
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TABLE 5 


Merostrip on ferrite substrate G1001, 1" x 1" 
Thickness of dielectric D = 0.635 mm, W/D = 0.8 
Pemm@etivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 1730.0 Orstead 


Line width = 75.0 Orstead LANDE -G Factor = 1.99 


Z Direction of Propagation 


FREQUENCY PHASE  SsHinT 
GHZ DEG/ INCH 
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TABLE 6 


feerostrip On ferrite substrate G1001, 1" x 1" 
Mazeckness of dielectric D = 0.635 mm, W/D = 0.8 
Permittivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 2670.0 Orsted 


Line width = 75.0 Orstead LANDE-G Factor = 1.99 


FREQUENCY PHASE SHIFT 
GHZ DEG/INCH 
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TABLE 7 


Microstrip on ferrite substrate G1l001, 1" x 1" 
Thickness of dielectric D = .635 mm, W/D = .8 
Pe~mrttivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 


Magnetic Biasing Field = 3100.0 Orsted 


Line width = 75.0 Orstead LANDE-G Factor = 1.99 
FREQUENCY B-PHASE SHIFT 
GHZ DEG/INCH 


360.0 

418.0 

4.3 441.0 
459.0 

486.0 

4.8 > bse 
SU 

ew D Oae.0 
0/7! 6 0, 

Die2 648.0 
fee 

aS 17 oa 
50 846.0 
954.0 

Lia3s0 

1404.0 

G3 1593n10 


5 G00 
395. 5 
494.0 
v0 D180 
i. 0 662-— 
aU 107.0 
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TABLE 8 


THEORETICAL PHASE SHIFT OF TRANSVERSELY MAGNETIZED MICROSTRIP 
TRANSMISSION LINE 


H. = 3100.0 oersted 


G1001 material 


FREQUENCY > 7 PHASE SHIFT 
IN GHz IN DEG/INC 


1.6457 i225) 
TG S2a BO. on 
1.7864 464.05 
Loe anG bog <0 
Zotar) oe Oke. 
32.9] 1421.6 


F256 





ele 





TABLE 9 


Microstrip on ferrite substrate G100l1, 1" x 1" 
Pizckness of dielectric D = 0.635 mm, W/D = .8 
Pemmlttivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 3100.0 Orsted 


Line width = 75.0 Orstead LANDE-G Factor = 1.99 


FREQUENCY PHASE SHIFT 
GHZ DEG/ INCH 
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TABLE 10 


Microstrip on ferrite substrate G1001, 2" x 2" 
Thickness of dielectric D = 0.635 mm, W/D = 0.8 
Permittivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 2650.0 Orsted 


Line width = 75.0 Orstead LANDE -G Factor = 1.99 


pt : 
Zee brreetion of Propagation 


Broo RNCY PHASE SHIFT 
GHZ DEG/ INCH 
4.0 
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TABLE 11 


Microstrip on ferrite substrate Gl001, 2" x 2" 
Thickness of dielectric D = 0.635 mm, W/D = 0.8 
Permittivity = 15.2 

Saturation Magnetization = 1200 + 5% Gauss 
Magnetic Biasing Field = 2650.0 Orsted 


Lane width = 75.0 Orstead LANDE-G Factor = 1.99 


Z Direction of Propagation 


FREQUENCY PHASE SHIFT 
GHZ DEG/ INCH 





E22 





TABLE 12 


COMPUTER OUTPUT OF PHASE SHIFT AND ATTENUATION FOR BOTH DIREC- 
+ = 
TIONS OF PROPAGATION (Z2 , Z ) AS A FUNCTION OF FREQUENCY 
OF MICROSTRIP TRANSMISSION LINE 


Microstrip on Ferrite Substrate G1001, 1" x 1" 
Thickness of Dielectric D = 0.635 mm, W/D = 0.8 
Permittivity = 15.2 
Saturation Magnetization = 
Magnetic Biasing Field Ha = 


gauss 
1730.0 orsteds 


Line Width = 75.0 orsteds LANDE-G Factor = 1.99 

Resonance Frequency F . = 2.8 GHz 

Frequency Phase Shift Phase Shift Attenuation Attenuation 
GHz Deg./Inch Deg./Inch db. fnen dbe7 fren 

Z Direction Z Direction Zz" Direction Z Direction 

0.600 -8.952243 -2.925009 0.008835 0.002887 
0.700 -10.709913 -3.538090 0.010927 0.003610 
0.800 -12.591203 -4.203658 O20t 335. 0.004457 
0.900 -~14.620826 -4.930667 0.016196 0.005462 
1.000 -16.827478 -5. 730009 0.019579 0.006667 
1.100 -19.245786 -6.615079 0.023650 0.008129 
e200 -21.920686 -7.602491 0.028615 0.009924 
1.300 -24.907612 -8.713256 0.034747 QO. 012055 
1.400 -28.275878 -9.974376 0.042426 0.014966 
i> OO -32.118007 =—11 7421030 0.052190 0.018559 
1.600 -36.556169 -13.100088 0.064822 0.023229 
1.700 —~41.753228 -15.075516 0.061479 0.029419 
1.800 -47.945117 -17.436494 0.103964 0.037809 
1.900 -55.464211 =20:. 312023 Ozelss 55 0.049496 
2.000 -64.811408 -23.895342 0.179896 0.066326 
Ze OO -76.768901 -28.489998 0.246816 0.091597 
2.2200 -92.649983 -34.600836 02352520 ‘Oeeles) ILsyol 
2.300 -114.800320 -43.135511 O2552110 0.199937 
2.400 -147.907725 -55.903593 0.870541 0.329032 
2500 -202.834501 -77.104740 1.617932 0.615035 
Ze O00 -311.775387 -119.174207 3.793495 1.450040 
2,700 -627.842264 —~241.277787 ISS 4 5 oF 2a 6 
2-500 -11.817790 -4.565293 603.387815 2357092613 
2.900 659.931622 256.220280 16.945996 6.579330 
3.000 S452102656 1 134.614532 4.510439 1.759780 
3.100 2BoGwo2 730 92.642597 2.097890 0.822393 
3.200 181.507626 TEA 9577 ie seas 0.484839 
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TABLE 12 (Continued) 


Frequency Phase Shift 
GHZ Deg./iInch 


Phase Shift 
Deg. /inch 


Attenuation 
db./Inch 


Attenuation 
abe nen 


+ _, : = : : +b 
Z Direction 2 Direction 2 


Direction Z Direction 
3.300 148.477047 See S5277 0.820946 0.324743 
3.400 126.395961 50.214886 0.593474 0.2350 i 
3.500 110.585464 44 713573 0.45357.0 0.180954 
3.600 98.701923 39.538318 0.361010 0.144615 
32700 89.439721 35.969834 0.296358 0.119186 
3.800 82.013467 33. PROZOzZ 0.249259 0.100630 
3.900 75.923737 30.766434 0.213783 0.086631 
4.000 70.839011 28.809695 0.186329 0.075729 
a, 1010 66.525020 27.150989 0.164588 0.067174 
4.200 62.820085 25.5264 0.147048 0.060220 
4.300 59.600853 24.489338 0.132660 0.054509 
4.400 56.777314 23.404652 0.120692 0204s se 
4.500 54.280009 22 Asso 0.110613 020457 40 
4.600 52.054291 21.591108 0.102032 0.042321 
an 7 00 50.058699 20.824858 0.094658 0.039378 
a731010 48.257891 20.133648 0.088264 0.036825 
4.900 46.624790 19.506765 0.082680 0.03845 9u! 
50010 A5=esov ly 18.935528 0.077766 0.032625 
&. 100 43.773539 V8 .2402.6 2 0207 say 0.030882 
S..200 42.521628 17.932085 0.069545 0.029328 
ee 300 41.366906 17.488857 0.066079 0.027937 
5.400 40.298299 17.078657 0.062962 0.026684 
a S00 39.306368 16.697833 0.060147 0.025552 
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TAB LES 


COMPUTER OUTPUT OF PHASE SHIFT AND ATTENUATION FOR BOTH DIREC- 
+ _ 
TIONS OF PROPAGATION (Z , Z ) AS A FUNCTION OF FREQUENCY 
OF MICROSTRIP TRANSMISSION LINE 





Microstrip on Ferrite Substrate G1001, 1" x 1" 


Thickness of Dielectric D 


Permittivity = 15.2 


Saturation Magnetization 
Magnetic Biasing Field Ha 


Line Width 75.0 orsteds 


Resonance Frequency es 


Frequency Phase Shift 


0.635 mm, W/D 


gauss 


2670.0 orsteds 
LANDE=-G Factor = 1.99 
5.192GHz 


Phase Shift 


Oh 5 ts 


Attenuation Attenuation 


GHz Deg./inch Deg./inch db./iInch dbw/ inch 
7 Direction Z Direction 2° Direction Z2 Direction 

2.692 -36.980804 -14.205681 0.031157 0.011969 
2 92 -39.751393 -15.349932 0.035002 OOo G6 
2.892 -42.755436 -16.593209 0.039433 0.015304 
2.992 -46.023054 -17.949070 0.044564 0.017380 
3.092 -49.593527 -19.433499 0.050542 0.019805 
8.192 -53.511461 -21.065796 05057553 0.022657 
3.292 -57.833539 -22.869198 0.065833 0.026032 
3.392 -62.627621 -24.872167 0.075689 0.030059 
3.492 -67.975046 -27.109990 0.087521 0.034905 
Banoo 2 -73.981707 -29.626561 0.101867 0.040793 
3.692 -80.780881 =32.4 77515 0.119452 0.048025 
B92 -88.540797 -35.734534 0.141274 QG.0570183 
3.892 -97.483546 -39.491233 0.168744 0.068359 
3.992 -107.905173 -43.872415 0.203893 0.082899 
4.092 -120.212094 -49.048068 0.249747 0.101900 
4.192 -134.963808 -55.256609 Gres FO931 02127501 
4.292 -152.980172 -62.841625 0.394849 0.162197 
aes 9 2 -175.482490 -72.318638 0.513876 Os201775 
4.492 -204.388284 -84.497135 0.689963 0.285241 
a.o92 -242.897992 ~100.724267 0.965087 0.400199 
4.692 -296.748939 -123.421383 1.427595 05595753 
Ae 92 -377.394139 -157.416140 2.290201 02955273 
4.892 -511.395765 -213.910584 4.076192 1.746850 
4.992 -777.413854 -326.070578 9.612059 4.031584 
S092 -1549. 462994 -651.619595 38 .675397 16.264762 
5.192 -15.584564 -6.570995 1475.455534 622.103446 
B29 2 1599.993165 6b. S0507 2 40.734867 17.218339 
5.392 829.630511 35 eso oes4 10.663098 4.518226 


eZ 





GHZ 


5.492 
eo 2 
5 4602 
ie? 9 2 
Sage 7 
Die So 
GIO9 2 
6.192 
reece 
Gio 9 2 
6.492 
aie 9.2 
Oretaig 2 
D5 1 S74 
6.892 
6292 
P09 2 
Ue 
Hesecio 2 
igo 9 2 
7.492 


gt 


Frequency Phase Shift 


Deg. /Inch 


26 se 50170 
430.053603 
349.469599 
295.660006 
Z257eees0665 
2232290708 
205.818740 
Vemo27 196 
73. 097935 
160.818103 
150.422321 
pai 07 332 
133.778045 
eZee eleO i. / 
217037463 
i Seo 6 8 
TLOs969351 
106.687804 
LO2e6 L335 

99.286246 

96.066442 


Direction 


TABLE 13(Continued) 


Phase Shift 


a 


Deg. /Inch 


259.02 294.0 
183.080208 
149.109016 
126.424211 
IO 2.0 ake 
98.030032 
88.555640 
80.971943 
74.764113 
S9e 2c og L 
65.206834 
61.449373 
56. [Omer 
DO Sis o 
IZ2eecuGgs 
50.581043 
48.575970 
46.770226 
45.135414 
43.648229 
42.289349 


126 


Direction 


Attenuation 


ae 
Z 


db./Inch 


Direction 


4.879675 
2.818606 
ios 0605 
ioe os 
0.992540 
O01 773767 
0.630432 
02523061 
0.442726 
0.380911 
02532260 
O93 2277 
Oa 2 Gules 93 
02235052 
Oe Zc oe 
0.194309 
Oasse2 
0.164550 
021522309 
0.142079 
0.132636 


Attenuation 


a 


adbeyinch 


ZU coo 
ere. 
On 89086 
0.262552 
0.425312 
0.334398 
O52 72250 
0.225499 
Oc gaz Za 
0.164826 
0.144032 
0.127334 
OF Lis 702 
0.102414 
OCF ZI50 
0.084929 
0.078063 
0. O7 21536 
0.066979 
0.062461 
0.058476 


Direction 





TABLE 14 


COMPUTER OUTPUT OF PHASE SHIFT AND ATTENUATION FOR BOTH DIREC- 
+ = 
TIONS OF PROPAGATION (Z , 2 ) AS A FUNCTION OF FREQUENCY 
OF MICROSTRIP TRANSMISSION LINE 


Microstrip on Ferrite Substrate G1001, 1" x 1" 
Thickness of Dielectric D = 0.635 mm, W/D = 0.8 
Permittivity = 15.2 


Saturation Magnetization = gauss 
Magnetic Biasing Field Ha = 3100.0 orsteds 
Line Width = 75.0 orsteds LANDE-G Factor = 1.99 


Resonance Frequency F = 6.364 GHz 


Frequency Phase Shift Phase Shift Attenuation Attenuation 

GHz Deg./Inch Deg. /Inch db. 7 inea db./Inch 
Zz" Direction ZV Directrven a Direction, Z2 Direceion 

3.364 -40.689227 —] 62140354 0.028616 0 01S Sa 
3.464 -43.218489 -17.216413 0.031533 0202 Sen 
3.564 -45.924498 -18.369680 0.034814 02013 926 
3.664 -48.826542 -19.608707 0.038518 0.015469 
3.764 -51.947441 -20.943334 O.0427 17) OPO 22 
3.864 = oqo 32 1 -22.384941 0.047496 0.019221 
3.964 -58.957478 -23.946879 0.052960 0202 oie 
4.064 -62.913903 -25.644745 0.059240 0.024147 
4.164 -67.225781 -27.497058 0.066495 0.027198 
4.264 -71.943269 -29.525866 0.074924 0.030749 
4.364 =f ye Zo 8 1. -31.757488 0.084783 0.034909 
4.464 -82.856793 =34.223962 0.096396 0.039816 
4.564 -89.215586 -36.964324 Op ekOn 79 0.045650 
4.664 -96. 318229 -40.026876 0.126684 0.052646 
4.764 -104.304421 -43.471912 0.146640 0.061116 
4.864 -113.349798 -47.375910 0.171033 0.071485 
4.964 -123.682873 =5 15837055 Oe201225 0.084336 
5.064 -135.599435 -56.983807 02239529 0.100491 
5.164 -149.495383 -62.987470 0.287504 O22 
5.264 -165.912304 -70.081365 0.350447 0.148029 
5.364 -185.604131 -78.592315 0.434229 6.183870 
5.464 -209.661634 -88.992073 0.548851 0.232963 
5.564 =—259e722 711. -101.987708 0.711041 0. 302505 
5.664 -278.350068 -118.690023 0.950412 0.405261 
5.764 -329.824174 -140.947358 2325539 0.565602 
5.864 -401.818894 -172.081897 1.949363 0.834829 
5.964 -509.652403 =2I1B57 17227 3.113941 336347 
6.064 -688.858348 -296.221821 5.654597 2.431581 


ee 





TABLE 14 (Continued) 


Frequency Phase Shift Phase Shift 
GHz Deg. /Inch Deg./iInch 


co = 
Z Direction 2 


Attenuation 
db./iInch 


Attenuation 
db./iInch 


Direction at 


Direction 2 Direction 
6.164 -1044.637713 -450.096404 12.961378 5.584586 
6.264 -2077.178462 -896.699044 51.941140 22422518 
6.364 -17.007902 -7.355834 1973.680038 “~S5s2607375 
6.464 2135.835994 925.407437 54.277239 23557040 
6.564 1105.194628 479.699295 14.153419 6.143158 
6.664 749.785387 325.993374 6.452459 2.805415 
6.764 S7Oe714s41 248.547290 Sea oe 1.617128 
6.864 462.944589 201.938529 2.429194 1.059625 
6.964 390.985068 le Oishi O69 1.723610 0.753029 
7.064 339.540182 1432567744 1.293501 0.565978 
fF 64 300.931565 131.869488 1.011368 0.443186 
7.264 270.888139 Se S67 5720 0.815925 0.358058 
7.364 246.846697 108.476413 0.674703 0.296497 
7.464 227 -170030 99.964921 0.569162 0.250457 
7.564 210.768122 92.869712 0.488093 0.215066 
7.664 196.885997 86.864193 0.424383 0.187234 
7.764 184.985164 81.714933 0.373345 0.164920 
7.864 174.669740 77.250762 G2osley 77 0.146734 
7.964 165.640170 73.343458 02297433 O02 13i760 
8.064 157.672967 69.894556 0.268706 OSL Powis 
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TABLE 15 


Co-planar Waveguide on Ferrite Substrate G-1001, 2" x 2" in 
the Absence of Any External Magnetic Field 


Thickness of Dielectric D = 0.635 mm, W/D = 1.260, S/D = 3.15 


a. Experimental Results 


Frequency in Phase Shift in 
GHz Deg/2 Inch 


630.0 (arbitrary reference) 





b. Computer Analysis Results (CoPlan) 


64364153 
pe S110, 


1140.24 
L292 aes 
1446.6 
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TABLE 16 


Co-planar Waveguide On. errieewSubstaate , GlLOoOIe 2. x 2s 


Thickness of dielectric D = 0.635 mm, W/D = 1.260, S/D = 3.15 


Magnetic Biasing Field (Transverse X direction) = 2950.0 
orsteads 


FREQUENCY Z° DIRECTION 2 DIRECTION 
GHz PHASE SHIFT DEG/INCH | PHASE SHIFT DEG/INCH 





ie 0 





TABLE V7 
EXPERIMENTAL RESULTS 


Co-planar Waveguide on Ferrite Substrate, G-1001, 2" x 2" 


Thickness of dielectric D = 0.635 mm, W/D = 1.260, S/D = 3.15 


Magnetic Biasing Field (Transverse, x direction) = 3215.0 
orstead 
FREQUENCY Z° DIREGREGN Joe Orne e Tin 
GHZ PHASE SHIFT DEG/INCH | PHASE SHIFT DEG/INCH 
8.0 360.0 
8.44 39620 
8.88 445.0 
Bie 32 492.0 
B76 54270 
9.98 Se) 7 3 
oO. 09 6217.0 
mo. 20 649.0 
i. 08 360.0 
i . 30 415.0 
i. 33 ----- 
ie. 52 438.0 
11.74 | 9 sae-= 
wm) .96 51720 
ire. 18 55 O20 
2.4 584.0 





131 





be8 “OVE 
One len 
L8€°v06- 
Lye OLS 


8c. 8 

C66 LLL 
LPC 906 
€76°908 
COT gee 
SE6 99 
CLO USS 
v9C LBP 
CO8°CcEP 
69 Bee 
500° CSE 
SSC Tae 
9S8°6C 


BCu 09 
Eve “6 
L88 ttl 
OvV9° tC? 
CEO VLC 
GESACCC 
Ove [rl 
98¢ 88 
69S LS 
O€9°6E 
LVGE SC 
0€S 12 
VSoe ol 
Lie 1 
T6l Or 
9¢€6°8 
SSVa 





VUTEC e Ss 
Eé9"S 032 
0v6°009- 
SEG Jos 


06S’°T 

vvs vet 
L8v°0£9 
Lé0°88S 
GZ. TCS 
TTe° Ot 
8T6°T8E 
EES Vee 
GL8°96C 
SEL S9C 
TT0 0d 
T6E "SLC 
LvO0°00¢ 


VIS TCV 
CVE UY 
S0O0°cOT 
ves LST 
ECo=ecel 
690°9ST 
bits 66 
OU [9 
TLT°OP 
ooo. LC 
€v6 6 
€96°T 
L£8S IT 
GO? ‘6 
GOL 
Eo 9 
ies 





BEC V 20 
CnC 
Occv 0 
Tccv 0 
CCCV OO 
SCG 20 
SceV 30 
ECCV 
6ccv 0 
Lect ay 
Socr av 
Veocv © 
SECU a0 
8Ecv'O 
GEC? WO 
OvCv’O 
€vcv 0 


OTc0°0 
60¢20°0 
80720°0 
L0c0°O 
90¢0°0 
G0z0°0 
v0c0°O 
€0c0°0 
COCO °O 
00720°0 
661T0°0O 
86T0°O 
LGoLO 
96T0°O 
S6T0°0 
v6eTto°o 
€6TO°O 





132 


Id-Vib J/ dC Td-WVi WO/ dd OZ VddnvT Vddnv'l ZHO 
dd -VLad VWHd IV dd -WVLad VHd TW dVddnwv'l dq Oadd 














aSadadAdd qa vMyod 
dLVanaSdnsS OLYLOU Tad 


YO VWLVd IWAdNdo 





ONITHAVYL HAVM 
ALVYLSdNns ALldddd 


0°? = 9O-aaNVT GaLSuaO 00°SL = HLGIMANIT 
GALSUAO 00°O0P62 = AIAId ONISVIG OILANOWW 

SSNVD 00°00ZT = NOILLVZILANOWW NOLLWYNLVS 

Z°ST = ALIAILLIWYAd 

OST°£ = G/s 09Z°T = G/M WO p90°O = DINLOWIAIG JO SSANNOLHL 


GALVYALSGNS ALTYXAd NO aAGTNOYAYM UAVNWTdOO 


8C didva 





966 U3 T= 
[TSO0°68T- 
789°L6T- 
Vay Ec 
See C= 
LSS6CC— 
EVG &UC— 
8L£C 8S¢C- 
Sl0 Slc- 
Lv’ v6c- 
aco Flt = 
COU -CVe = 
SO" oii 
86€ °607- 
CUC GSU; 
Sc0 90a— 
OVE TES— 
CC Cm. CS Je 


IG-WLdd 
d4—- VLA 
dSddAda 


618°C 
VPLO-E 
CIE & 
G6 = 
C60°P 
67S"? 
S60°S 
OSes 
LeSa 
SL 
woe 8 
CSC OT 
OV.C GU 
aiaoe VY [ 
cvY 8T 
Sy. eG 
CSSMOE 
Cot’ cv 


COS See 
8ic Tr t- 
ORE LVI- 
9S 0S t= 
Some = 
98 bo t= 
66067 1- 
LSv 6s t- 
US LOc= 
SO Oe 
TSS 0ec— 
CVO Ce 
LIE Eo C= 
yoU" S6c-— 
Lé92Sce= 
EGS CIC 
CSIeSOr - 
COG 59) — 


I0-VLHd 


da -WLad 


CE Ome 
Die 
Sv ac 
959°C 
pe6°c 
OO Gre 
LVS 2e 
60T PD 
699 av 
9StS 
CUGed 
L6Oc°L 
669°8 
SSS "OT 
T80°ET 
8¢c9 OT 
cl8 2 
VSL °6C 


Gu vMy ou 


ONITHAVYL FZAWM 


ALVWYLSdns ALITY 


(GHNNILNODO) 


8l ATawWb 





98TP'O 
L8TP°0 
0O6TPr 0 
T6tv-o 
c6Tv 0 
S6TPr 0 
267 0 
L6otv’o 
00cCP'O 
TOcr 0 
COCO 
SOCV'O 
90¢7°O 
LOcv'O 
OTcr°O 
Tlcv 0 
clcv 0 
STC 0 


6c¢c0°0 
8cc0 0 
L7c0°0 
9¢2¢c0 0 
Scc0°0 
yccO 0 
€cc0°O 
ccCO'O 
TZ2c0 0 
61200 
8Tc0°0 
LTeO" 0 
9TZ0°O 
ST¢CO°O 
VIcO'O 
€TZO°O 
cTCO°O 
TT¢c0°O 


VGdnv'l 


< 





ALVYLSdns OLY LOaTdIG 
YOd WLVd TWHdNdd 


Oc8 OT 
OLE 0T 
OcL°OT 
Oo OT 
O0c9 OT 
OLS 0m 
OcS OT 
OLV'OT 
Ocv'OT 
OLE OT 
Oct OT 
OES 
VCC. Oil 
OLTOT 
OclT° OL 
OL0°OT 
0cO0 OT 
0L6°6 


Z2HD 
Odds 


ee 























LOL CViG= G99 36 GEG USaa VEoF UE c6TV 0 SccO°O OS9°OT 
UGCCeOLUt= LEG 3S EUIES ) Clim Soe ie vot oO Veou.G 00S 0m 
Vee onLs = LOC “rc O22 S38 Sa VVC Vee S6T? 0 eCcour” OSS OT 
LEG 25= SSc°90E c06°SP- Ocbv sic Lotro cccO 0 00S OT 
SOc gae 8c8° PSC [8h Sts Lvv T8st 661? 0 Tcc0 0 OST Ot 
PEL 6u0l GOO ce Ju O93 te Ee OTS 9TT 0O0cV’O 0cc0°0 OOr'OT 
Gls C0 cCOL*TOT Es Elbe, CZCECL cOCT 0 Secu) OSt Ol 
GC. ces a6. 99 v06°S8S 3.32 Oly vOcr 0 8Tc0°0 OO€°OT 
6S8°8TL COU ’SD CLL OS SSr ct SOCPO LtcO eC OSc OT 
VIES™ Ge, DOL *CE E9L LEV 8PT Ec LOcr 0 9T¢20°0 O0c OT 
8L6°80S Goa VC VOL wage See 2 60¢r°O STCO°O OST°OT 
S68 °L8P 000°6T LTO OVE pOoV'et OTcr 0 vTcO'O OOT°OT 
Se age V 880 °ST Soa 8E9 OT cIcv 0 €ETCO°O OSO°OT 
GLC Jot esc CL. 808 LC Peo. 3 pict 0 E1a0 0 000°OT 
Lose 6c’ OT BeOR Osc Dilate c: STcp oO TTcO°O 0S6°66 
LO8 TEE €67°8 8c0°6CC v96°S LTcv "0 Ord0" 0 0066 
DO Smee Occ °L 986 °OTC T90°S 6Tcp oO 80c0 0 0S8°6 
L89°082 BUG 19 Se eee Ogcv 0 L0c0°0 008°6 

WO/ dd aQ VGdnvT Vddanvl ZHD 

ASddAdd quvMdod 


ALVYLSdNsS OLY LOdTdId 


WM 
ONITHAVUL FA YOd WLVG IWYANAD 


ALVYLSdNsS ALTeadde 


0O°¢ = HOLOVA DO-AANVT GaLSudO 00°SL = HLGOIMANIT 
GQaLSuqd0 OO°STCE = AITEId ONISVIG OLLANOWW 
SSNWD O00°O0CT = NOTLVYZILHNOWW NOT LVYNLYS 

C°ST = ALIAILLIWNdd 


OGL-€ = 707s 09Z°T = G/M WO 790°O = OINLOANISIC AO SSANNOIHA 


dALVaLSdNS ALIYYaaA NO AGINDYAVWM AVNVTdOO 


6T ATA 


134 

























































































C89°8IC- V69°E 6LT°S9T- G69°Z a Uuee EvcO°O OOS TT 
OLV°677C- S90°P TeL°?2Lt- 196°Z ao Uy OC cvUcO°O OSt'TIT 
96€°T#Z- L60°R 80T°18t- mec € 9917 0 TvVz0°0 OOF TT 
TLE PS7Z- 666°P Lvt°O6T- GE9°E 69170 0vc0°0 OSo el 
891 °69Z2- 009°S GS8°00z¢- G90°P OLTV'O 6€70°0 OO cee 
O18 °S8z- 6TE°9 99G¢°ZIZ- O8S°P ALY <0 8E70°O OSC TT 
8ZE°POE- C8I°L LL8°S?@72- GO0Z°S VLTV'O SCAU 6, O07 *TT 
9T8°SZE- 6072 °8 VEO’ Ltc- 696°S Saby sO 9€720°0 OST TT 
LLT°OSE- 69S°6 CEG °8SC- C76 °9 BLEU 0 SEc0°O One 
968°8LE- LS@ 10 678 °8L72- 9ZT°8 6LTv°0 veco"o OSO°TT 
6c9°7Tt- OCP ET 8L9°Z0E- 789°6 O8Tt 0 Seco 0 OO0°TT 
6E7°CSP- V8c ‘OL 6LO°TEE- 6€L°TT c8Ib "0 cCETO"O 0S6°OT 
L7v°O00S- 88T°0Z "07 °S9E- TES ° PT v8stv'o Lead: @ 006°0OT 
OST°6SS- 999°GZ G8L°90P- 9b °ST S8Tv "0 OecO0 OS8°OT 
EZTB°OL9- GZO°EE OLO°8SP-- GSI °?Z L810 6cc0 "0 008 °OT 
660°02L- 618 °SP ELE TZS— V98°ZE 6810 Seod 0 OSL°OT 
O10°8z8s- OSt°S9 8EL°LEG-— OL8°9F O6TV'O 9270 °0 OOL°OT 














135 


WoO/7ad _ wWo/dd VddNv' Vad ZHD 
eae WHd TW ‘_— as WHd ‘IV | on dvdawv'l | recta 


aSdaAda duvMaod ALWULSANS OINLOATAIG 
YOd WLVA IWYANA 






ONITAAVEL AAVM 
aALVYLSdns aLlIddda 


(GHQNIWLNODO) 
6T ATAVe 





LIST OF REFERENCES 


hee. Lutekcioglu, Hybrid Mode Analysis of Microstrip, on 


Dielectric and Ferrite Substrate, E.E. Thesis, Naval 
Postgraduate School, Monterey, Ca., September 1974. 


Klaus-Dieter Kuchler, Hybrid Mode Analysis of Coplanar 
Transmission Lines, Ph.D. Thesis, Naval Postgraduate 
School, Monterey, Ca., June 1975. 


SeuciSzain, Principles of Microwave Engineering, Wiley, 
1969. 


J.B. Knorr, “Analysis of Single and Couple Microstrip," 
unpublished class notes, Naval Postgraduate School 
Monterey, Ca. 


J. B. Knorr, "Perturbation of Wave Guide Material," 
unpublished class notes, Naval Postgraduate School, 
MOmcere.,) cae 


Pm@erowave Engineering Handbook, Vol. 1, pe197, Artech 
HemseCymlnc., LO/1. 


Fred Y. Rosenbaum, "Integrated Ferrimagnetic Devices," 
Advances in Microwave, Academic Press, 1974, Vol. 8, 
Pp. 200-262. 


D. H. Harris, F. T. Rosenbaum, & C. G. Aumiller, "Ferrite/ 
Dielectric Composite Integrated Microwave Circuits 
Development," Technical Report AFAL-TR-71-313, Defense 
Documentation Center, Alexandria, Va., November 1971. 


Ernst Schlomann, "Microwave Behavior of Partially Magne- 


EEZedenernttes,  —JOuUrnial OF Apolted physics, Vol. 41, 
No. LL, wanuary 1970. 


ILE 





INITIAL DISTRIBUTION Elst 


Tage 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Biprary, Code 0212 
Naval Postgraduate School 
Monterey, CA 93940 


Professor Richard W. Adler, Code 62Ab 
Department of Electrical Engineering 
Naval Postgraduate School 

Monterey, CA 93940 


Professor Jeffery B. Knorr, Code 62Ko 
Department of Electrical Engineering 
Naval Postgraduate School 

Monterey, CA 93940 


CDR Hooshang Aminelahi 

Iranian Navy 

c/o Training Officer, Navy Section, 
ARMISH-MAAG, Box 2500 

APO, New York, New York 09205 


Department of Electrical Engineering 
University of Tehran 
Tehran, Iran 


Professor Donald E. Kirk 

Department of Electrical Engineering 
Naval Postgraduate School 

Monterey, CA 93940 


Sa 


No. Copies 











Thesis 





366530 


AU3U5 Aminelahi 


ea 


An experimental inves- 
tigation of microstrip 
transmission line and 
coplanar waveguide on 
ferrite substrate. 


thesA4345 
experimental investigation of microst 


DUDLEY KNOX LIBRARY 





